The monophyly of traditional Aconitum remains unresolved, owing to the controversial systematic position and taxonomic treatment of the monotypic, Qinghai-Tibetan Plateau endemic A. subg. Gymnaconitum. In this study, we analyzed two datasets using maximum likelihood and Bayesian inference methods: (1) two markers (ITS, trnL-F) of 285 Delphinieae species, and (2) six markers (ITS, trnL-F, trnH-psbA, trnK-matK, trnS-trnG, rbcL) of 32 Delphinieae species. All our analyses show that traditional Aconitum is not monophyletic and that subgenus Gymnaconitum and a broadly defined Delphinium form a clade. The SOWH tests also reject the inclusion of subgenus Gymnaconitum in traditional Aconitum. Subgenus Gymnaconitum markedly differs from other species of Aconitum and other genera of tribe Delphinieae in many non-molecular characters. By integrating lines of evidence from molecular phylogeny, divergence times, morphology, and karyology, we raise the monotypic A. subg. Gymnaconitum to generic status.
INTRODUCTION
Ranunculaceae represent one of the earliest-diverging lineages among the eudicots (APG III, 2009; Sun & al., 2011) and consists of 59 genera with about 2500 species (Tamura, 1995) . The family contains many genera of pharmaceutical and horticultural interest, such as Aquilegia L., Coptis Salisb. and Delphinium L. (W.T. Wang, 1979; Peng & al., 2006) . In the past two decades, tremendous progress has been made in our understanding of phylogenetic relationships in Ranunculaceae at various taxonomic levels by using DNA sequence data. The subfamily-and tribe-level classification system of Ranunculaceae has recently been updated (W. Wang & al., 2009) , with recognition of five subfamilies: Glaucidioideae, Hydrastidoideae, Coptidoideae, Thalictroideae, and Ranuncul oideae (including ten tribes). Meanwhile, twelve genera accepted by Tamura (1995) have been synonymized with six other genera, and four genera not recognized by Tamura (1995) have been reinstated based on molecular data (Table 1) . The circumscriptions of only a few genera in Ranunculaceae remain controversial and need to be further clarified, such as Aconitum L.
Aconitum is a member of tribe Delphinieae, which also contains Aconitella Spach, Consolida (DC.) S.F. Gray, and Delphinium. Based on molecular evidence, Aconitella and Consolida are embedded within Delphinium (Luo, 2003; Jabbour & Renner, 2011a , 2012a ); Delphinium subg. Staphisagria (DC.) Peterm. is the earliest-diverging lineage within the tribe (Jabbour & Renner, 2011a , 2012a and has been raised to generic status (Jabbour & Renner, 2011b) . Thus, Jabbour & Renner (2012a) considered that tribe Delphinieae contained three genera: Aconitum, Delphinium (containing Aconitella and Consolida), and Staphisagria J. Hill. However, the monophyly of Aconitum remains unresolved. This genus comprises about 300 species distributed in three subgenera, A. subg. Lycoctonum (DC.) Peterm., subg. Aconitum (Stapf.) Rapaics, and subg. Gymnaconitum (Stapf.) Rapaics (Tamura, 1995) . Aconitum subg. Gymnaconitum contains only one species, A. gymnandrum Maxim. (Fig. 1) , and is endemic to the Qinghai-Tibetan Plateau (Fig. 2) . Based on root characters and life cycle, Stapf (1905) first erected a section for this species. Rapaics (1907) further raised it to subgeneric rank, which has been accepted by all subsequent authors (e.g., W.T. Wang, 1979; Tamura, 1995) . Molecular phylogenetic studies at the population level (L. Wang & al., 2009) or sampling multiple accessions of the species (Jabbour & Renner, 2012a) have indicated that A. gymnandrum is monophyletic. The species exhibits some unique traits, such as clawed sepals (Fig. 1B) , large fan-shaped petaline labia (Fig. 1C) , exposed stigmas (Fig. 1B, C) , and many carpels (Fig. 1D) , which are not found in other species of Aconitum and other genera of tribe Delphinieae (W.T. Wang, 1979; Tamura, 1995) . Thus, the taxonomic position of the subgenus is a key element in determining the monophyly of Aconitum (Xiao & al., 1984 (Xiao & al., , 2006 . The phylogenetic position of A. subg. Gymnaconitum has been investigated with various non-molecular characters, including phytochemical (Xiao & al., 1984) , cytological (Shang, 1985) , anatomical (Li & al., 1991; Yang, 1990) , as well as palynological characters (Xi, 1993) . However, the subgenus has both primitive and advanced features in terms of phytochemistry and morphology (Xiao & al., 2006) . Luo (2003) first used molecular data (plastid trnL-F and nuclear ITS) to investigate the monophyly of Aconitum, where 23 species of tribe Delphinieae (Aconitum represented by 16 species) were sampled and Delphinium subg. Staphisagria was not included. In her neighbour joining analysis, Aconitum subg. Gymnaconitum was sister to the clade including A. subg. Lycoctonum and subg. Aconitum, Delphinium and Consolida with weak support (Luo, 2003) . Based on plastid (trnL-F, trnK-matK, trnS-trnG) and nuclear (ITS) sequences, Jabbour & Renner (2011a) found a monophyletic Aconitum (represented by eight species) with 55% bootstrap support and resolved A. subg. Gymnaconitum as basalmost in Aconitum. However, A. subg. Gymnaconitum was identified as the second-diverging lineage in tribe Delphinieae with poor support by using trnL-F and ITS data and sampling 185 species of the tribe, of which 57 were from Aconitum (Jabbour & Renner, 2012a) . Importantly, when the taxon sampling was reduced from 185 to 73 species of tribe Delphinieae, A. subg. Gymnaconitum was supported as sister to a broadly defined Delphinium (including Consolida and Aconitella; Jabbour & Renner, 2012a). Thus, these studies indicate that different taxon and character sampling schemes can affect the phylogenetic position of A. subg.
Gymnaconitum.
In this study, two different data matrices were constructed with more extensive taxon and character sampling schemes. Using these data, our goals are to investigate the monophyly of Aconitum, and then to clarify the phylogenetic position and taxonomic treatment of A. subg. Gymnaconitum in tribe Delphinieae.
MATERIALS AND METHODS
Data matrices. -Two data matrices were constructed for phylogenetic analyses. (1) A two-marker dataset (ITS and trnL-F) which is an extension of the recent two-marker dataset of Jabbour & Renner (2012a), which included 185 species of tribe Delphinieae. Our present matrix sampled 285 species of the tribe, of which 97 are of ca. 300 of Aconitum, 161 are of ca. 320 of Delphinium, 6 are of ca. 10 of Aconitella, and 21 are of ca. 40 of Consolida (Tamura, 1995; Electr. Suppl.: Appendix S1). For Aconitum and Delphinium, we followed the subgeneric classifications of Tamura (1995) . In Aconitum, subgenus Lycoctonum contains ca. 40 species, of which 18 were included, subgenus Aconitum contains ca. 250 species, of which 78 were included, and A. gymnandrum as the only species of subgenus Gymnaconitum was included. Delphinium consists of three subgenera, subg. Delphinastrum (DC.) Peterm. (ca. 300 spp.), subg. Staphisagria (DC.) Peterm. (3 spp.), and subg. Delphinium W.T. Wang (ca. 18 spp.), of which 143, 3, and 15 species were included, respectively. (2) The second dataset was a six-marker dataset (ITS, trnL-F, trnH-psbA, trnK-matK, trnS-trnG, rbcL) containing 32 Delphinieae species with at least four of the above sequences (Electr. Suppl.: Appendix S2). Although taxon sampling density in this dataset was lower than that in the two-marker dataset, all representative genera and subgenera of Tamura (1995) and major lineages of Jabbour & Renner (2012a) in tribe Delphinieae were included. Following W. Wang & al. (2009) , we selected Nigella damascena L. (Nigelleae) and Megaleranthis saniculifolia Ohwi (Adonideae) as outgroups for these two datasets. The study did not generate new data, and all DNA sequences were obtained from GenBank. The authorities, herbarium vouchers, localities, and accession numbers of species sampling are listed in Appendices S1 and S2 (Electr. Suppl.) .
Phylogenetic analysis. -Sequences were aligned using the default parameters in Clustal X v.1.83 (Thompson & al., 1997) and manually adjusted with BioEdit v.5.0.9 (Hall, 1999) . For the six-marker dataset, phylogenetic analyses were initially Table 1 . Newly delimited or resurrected genera after Tamura (1995).
Newly delimited or recognized genera
Genera of Tamura (1995) Studies Version of Record (identical to print version). conducted for individual regions of the cpDNA data using maximum likelihood (ML). No significant bootstrap support (exceeding 70%) for conflicting nodes was evident among individual chloroplast markers, five plastid datasets were thus combined (referred to as cpDNA data). Detailed analyses were conducted using ML and Bayesian inference (BI) for the combined two-and six-marker datasets as well as for each of the two genome datasets. RAxML was conducted with the GTR + Γ substitution model for each region, and the fast bootstrap option, using 1000 replicates. For BI analyses, each DNA region was assigned its own model of nucleotide substitution, as determined by the Akaike information criterion (AIC) in Modeltest v.3.7 (Posada & Crandall, 1998) . Four Markov chain Monte Carlo chains were run, sampling one tree every 1000 generations for 50,000,000 generations, starting with a random tree. Stationarity of the runs was assessed using Tracer v.1.5 (Rambaut & Drummond, 2009) . A majority-rule (> 50%) consensus tree was constructed after removing the burn-in period samples (the first 25% of sampled trees). Posterior probabilities (PP) were estimated by sampling trees from the PP distribution.
Swofford-Olsen-Waddell-Hillis test. -We used a parametric bootstrapping likelihood ratio test, the Swofford-OlsenWaddell-Hillis (SOWH) test (Goldman & al., 2000) , to assess the monophyly of traditional Aconitum. The SOWH test has been found to have more power and lower occurrence of type I error than other hypothesis testing methods when model parameters are accurately provided (Goldman & al., 2000; Buckley, 2002) . For each of the two combined datasets, we first constrained all taxa of traditional Aconitum as monophyletic, and then optimized the tree in RAxML (GTR + Γ model, partitioned by DNA region). Based on tree topology, branch lengths and tree scores generated from the above step, we simulated 100 replicate datasets using Seq-Gen v.1.3.2 (Rambaut & Grassly, 1997). For each simulated dataset, ML searches were conducted fully optimized or under constrained conditions. The lnL differences (ΔlnL) were then calculated and used for evaluating the significance of the difference between the best tree and the constrained tree based on the original data. A detailed description of the SOWH test can be found in Liu & al. (2012) .
RESULTS
Two-marker dataset. -The aligned trnL-F sequences were 1512 nucleotides long. We excluded 42 ambiguous sites located in one region (804-845) from the phylogenetic analyses. The tree generated by the ML analysis (Electr. Suppl.: Fig. S1 ) was highly congruent with those retrieved with the BI analysis (Electr. Suppl.: Fig. S2 ), except for containing some weakly supported nodes (BS < 70%). The aligned matrix of ITS sequences had a length of 681 characters. ML and BI analyses resulted in highly congruent trees (Electr. Suppl.: Figs. S3, S4) . Relationships among the genera and subgenera revealed from the trnL-F data were consistent with those from the ITS data. The combined trnL-F and ITS dataset consisted of 2151 characters, obtained from 287 accessions. The ML tree is shown in Fig. 3 and in Fig. S5 (Electr. Suppl.) . Delphinium subg. Staphisagria is the earliest-diverging lineage in tribe Delphinieae. Aconitum subg. Aconitum and subg. Lycoctonum form a clade (here named Aconitum s.str.) with strong support (BS 99%, PP 1.00). Aconitum subg. Gymnaconitum is sister to the clade containing Consolida (sensu Tamura, 1995; including Aconitella) and Delphinium subg. Delphinium and subg. Delphinastrum (BS 65%, PP 0.97). The monophyly of D. subg. Delphinium is not supported. Relationships among the genera and subgenera revealed by the BI analyses (Electr. Suppl.: Fig. S6 ) were identical to those from the ML analysis. Six-marker dataset. -The aligned trnL -F, trnH-psbA, trnK-matK, and trnS-trnG matrices comprised 1331, 436, 1548 , and 960 nucleotides, respectively. Correspondingly, one difficult-to-align region encompassing 38 sites (696-733) in the trnL-F dataset, one encompassing 50 sites (387-436) in the trnH-psbA dataset, three encompassing 56 sites (277-291, 432-440, and 680-711) in the trnK-matK dataset, and two encompassing 45 sites (532-540 and 652-687) in the trnS-trnG dataset were excluded from the analyses. The aligned ITS and rbcL datasets had 670 and 1262 positions, respectively. Relationships within tribe Delphinieae revealed by the cpDNA data (Electr. Suppl.: Fig. S7 ) were identical with those from the ITS data (Electr. Suppl.: Fig. S8 ). The combined six-marker dataset consisted of 6018 characters, obtained from 34 accessions. ML and BI analyses resulted in identical topologies (Fig. 4) . Patterns of relationships at the generic and subgeneric levels were identical with those obtained from the two-marker dataset, but support for Aconitum subg. Gymnaconitum as sister to the clade containing Consolida and Delphinium subg. Delphinium and subg. Delphinastrum increased notably (BS 73%, PP 1.00).
SOWH test. -For the two-marker dataset, the SOWH test indicated that constraining traditional Aconitum as monophyletic yielded an ln-likelihood that is 13.0 units worse than the unconstrained optimal tree (Fig. 5 ). This difference is significant at the 0.05 level (9.0 units). The six-marker dataset yielded a difference of 8.9 units, which is highly significant at the 0.01 level (4.0 units; Fig. 5 ). The SOWH test indicated that the monophyly of traditional Aconitum should be rejected.
DISCUSSION
All analyses based on our two-and six-marker datasets support the division of tribe Delphinieae into four major clades, Staphisagria, Aconitum s.str., A. subg. Gymnaconitum, and a broadly defined Delphinium (including Consolida and Aconitella), with Staphisagria as sister to the remaining Delphinieae. Subgenera Aconitum and Lycoctonum of Aconitum s.str., Delphinium subg. Delphinastrum, and Consolida (sensu Tamura, 1995; including Aconitella) are all strongly supported as monophyletic. These results are consistent with previous studies (Jabbour & Renner, 2011a , 2012a (Figs. 3, 4) . Thus, traditional Aconitum is not monophyletic. When a phylogenetic tree conflicts with the traditional concept of taxa (or an a priori hypothesis), it is important to investigate if this concept lies within the range of possibilities supported by the data, which requires hypothesis testing. In our study, the SOWH tests support the exclusion of subgenus Gymnaconitum from Aconitum (Fig. 5) Gymnaconitum are round (Yang, 1990) , whereas those in Aconitum s.str. are rectangular (Cappelletti & Poldini, 1984) . Microstructural features of seed surfaces have been considered to be less subject to environmental pressures than other morphological traits (Barthlott, 1984 Shang (1985) first reported that A. gymnandrum has a karyotype formula of 2n = 16 = 12m + 4sm. Recently, Yuan (2006) reported a karyotype formula of 2n = 16 = 6m + 10sm for this species from Sichuan. These two formulas are essentially similar when carefully comparing the ratio of the two arms of each chromosome between two populations (Yuan, 2006 (Hong, 1986; Simon & al., 1995; Verlaque & Aboucaya, 2001; Yang, 2001; Bosch & al., 2002; Yuan, 2006 Note. -The type locality of A. gymnandrum was listed as "Chinae prov. Kansu" in the protologue. The provincial name Kansu is equivalent to Gansu. Nonetheless the type locality, as inferred from the lectotype "China occidentalis. Terra Tangutorum (prov. Kansu). Declivio australi jugi a fl. Tetung meridiem versus", is now situated in Qinghai Province and has not been included within Gansu Province since the early twentieth century.
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